A BBS TRA CT The blood in sickle cell anemia has a very low oxygen affinity and, although 2,3-diphosphoglycerate (2,3-DPG) is increased, there is doubt as to whether this is the only factor responsible. In this study of 15 patients with sickle cell anemia (Hb SS) no correlation was found between oxygen affinity (Pw at pH 7.13) and 2,3-DPG in fresh venous blood. Whole populations of Hb SS erythrocytes were therefore separated, by an ultracentrifuge technique, into fractions of varying density. The packed red cell column was divided into three fractions; a bottom fraction rich in deformed cells or irreversibly sickled cells (ISC), with a very high mean corpuscular hemoglobin concentration (MCHC); a middle fraction containing cells with the highest content of fetal hemoglobin; and a top fraction containing reticulocytes and discoid cells but free of deformed cells. Oxygen affinity was shifted to the right in all layers (mean P6o (pH 7.13)+1SD: top 46 
INTRODUCTION
The affinity of adult red blood cells for oxygen is lower than the affinity of solutions of the hemoglobin they contain (14) . It is now well established that this effect is due primarily to intracellular organic phosphates (5) (6) (7) (8) (9) of which the most important is 2,3-diphos-phoglycerate (2,3-DPG),7 which acts as a fine regulator of hemoglobin function within the red cell (10) .
In a number of dissimilar conditions associated with hypoxemia, an abnormal shift to the right of the red cell oxygen-hemoglobin (02-Hb) equilibrium curve has been observed (11) (12) (13) (14) . Many patients with anemia, due to a variety of causes, have a blood oxygen affinity that is lower than normal (15) (16) (17) . Recent studies (18, 19) have shown that in both hypoxic hypoxia and anemic hypoxia there is an increase in 2,3-DPG. In hypoplastic anemias it seems clear that the 2.3-DPGinduced shift in the 02-Hb equilibrium curve may compensate for up to half the oxygen deficit implicit in the anemia (19) . Some hemoglobinopathies may be associated with altered oxygen affinity because of the nature of the substitution in the hemoglobin molecule (20) (21) (22) or because the substitution involves one of the binding sites for 2,3-DPG (23) . The higher oxygen affinity of cord blood has recently been explained by the reduced interaction between fetal hemoglobin (Hb F) and 2,3-DPG (24, 25) .
The very low oxygen affinity of blood in sickle cell anemia (Hb SS) is well documented (26) (27) (28) , but the 02-Hb equilibrium curve of sickle cell hemoglobin (Hb S) in solution is not different from that for Hb A (29, 8) and the interactions of both hemoglobins with 2,3-DPG appears to be of the same order (8) . Increased amounts of 2,3-DPG have been demonstrated in Hb SS blood (30, 31) . There is also a good correlation between the degree of anemia (hemoglobin level or hematocrit) and P50 (28, 32) . For these reasons Bunn and jandl (10) and Bunn and Briehl (8) Oxygen dissociation determinations were performed immediately on samples from each layer and from whole blood by the method of Bellingham and Huehns (34) .
Saline-washed red cells were suspended in 4 ml of isotonic (310 mM) phosphate buffer, pH 7.135 (5.56 g NaH2PO4 -2H20 + 14.065 g Na2HPO42H20 in 1 liter) or pH 7.475 (2.84 g NaH2PO42H2O + 16.308 g Na2HPO4-2H2O in 1 liter) in 70-ml Pyrex tonometers attached to 1-cm silica spectrophotometer 'cells. The red-cell suspension was first deoxygenated by a series of three evacuations of the tonometer on a rotary pump and three 3-min rotations in a water-bath at 37'C. The spectrum from 600 to 520 nm was recorded in a Unicam SP 800 A recording spectrophotometer using the forward cell position. A measured volume of air was added and the tonometer contents equilibrated again at 370C for 3 min. The procedure was repeated 6-12 times and finally the tonometer was filled with 02 at atmospheric pressure to achieve 100% saturation. The partial pressures of oxygen were determined by ideal gas-law calculations, making allowance for the ambient humidity. Ultracentrifugation. The purpose of centrifugation was to separate the whole red cell population into subpopulations of varying density. ISC were concentrated in the bottom fractions and only few were found in the middle and top layers, depending on the original numbers of these deformed cells in the whole cell sample. The mean ISC counts were: bottom 59%, middle 7%, and top 1.5%. The top fractions contained most of the reticulocytes but some were also found in middle fractions. In only two patients (P. D. and D. C.) was the level of Hb F in the bottom fractions greater than 5% of the hemoglobin in that fraction (6.2 and 6.5% respectively). These two patients had the highest whole blood Hb F (Table I ). Mean Hb F was lowest in the bottom fraction and highest in the middle fraction (Table II) of the lower levels of Hb F in the bottom fractions, where MCHC was high, all the results were examined for a correlation between Hb F and MCHC, but none was found. Only three MCHC exceeded 45 g/100 ml and in two of these Hb F was less than 1.0% and in the third 2.6%. The relationship of MCHC to MCV and MCH is shown in Fig. 2 . MCHC increased with increasing density so that the bottom fraction contained cells with the highest MCHC. MCV decreased with increasing density, but MCH remained constant. These indices confirmed the appearance of the red cells in stained smears from the different fractions. In particular, the concentration of small, darkly stained, and mainly deformed cells (ISC) in the bottom fraction is confirmed by these indices (Table II) . Corrections for trapped plasma were not made in the present study. Previous studies on Hb SS blood centrifugation (38) (Fig. 3) .
One example of 02-Hb equilibrium curves obtained from top and bottom fractions of ultracentrifuged Hb SS blood (subject V. P., Table I ) is shown in Fig. 4 .
In all experiments the curve for the ISC-rich bottom fraction was to the extreme right of those for the other fractions. The curve for the middle fraction always fell between those for the top Fig. 5 , where curves from top and bottom fractions for patients J. B. (Table I ) are compared with curves from unfractionated normal cells (subject M. S.).
Results for normal erythrocytes (Hb AA) and erythrocytes from sickle cell trait subjects (Hb AS), separated into three equal fractions after ultracentrifugation, are given in Table III , for comparison with the Hb SS results. Normal blood had a higher level of 2,3-DPG in young (top fraction) than old (bottom fraction) red cells. This has been noted previously (10) . The lower 2,3-DPG of the denser, older red cells in normal blood is associated with a higher oxygen affinity (the reverse of the situation found in red cells containing Hb S). Hb AS blood had a consistently lower oxygen affinity than normal blood, but there were only small differences in the affinities of top and bottom fractions (Table  III) . Hb AS blood is abnormal, however, in that the denser, older red cells have a lower affinity for oxygen than the younger cells. A subject heterozygous both for Hb S and for the gene for hereditary persistence of fetal hemoglobin (39) was also studied (Table III) . The blood of this nonanemic subject (Hb 14.5 g/100 ml) contained 20% of Hb F (shown to be evenly distributed from cell to cell in Kleihauer preparations) and 80% Hb S. There were no deformed cells either in whole blood or in the bottom fraction from the ultracentrifuge tube. Results for MCHC and P5o were in the same range as those for Hb AS blood.
DISCUSSION
It has been shown before that hemoglobin concentration (MCHC) varies considerably from cell to cell in any one population of Hb SS erythrocytes (33, 38) , as does the content of Hb F (33, 40) . Our results indicate that the concentration of 2,3-DPG and the oxygen affinity also vary widely (Table II, Figs. 3 and 4) and that, in particular, a subpopulation of cells can be separated which has a very low oxygen affinity associated, paradoxically, with a normal, or slightly subnormal, concentration of 2,3-DPG. These low-oxygen-affinity cells can be separated out of the whole cells population because of their density; they concentrate in the bottom layer of the centrifuge tube and, in smears, they can be identified as ISC. They have a low Hb F content compared with other cells in the whole population (Table  II) , and their most important characteristic is probably their very low oxygen affinity. These cells, however, are capable of usual reactions with oxygen (Figs. 4 and 5) as had been previously suspended by the ultrastructural demonstration (41) that the hemoglobin in these cells is not necessarily "sickled." There may be a range of cells, with an increasing MCHC, on the way to beOxygen Affinity in Sickle Cell Anemia coming ISC (presumably by repeated sickling-unsickling and loss of membrane (42, 43) ), so their function as well as their configuration is important. The variability of oxygen affinity among Hb SS blood samples appears to be due, not to the 2,3-DPG level, but to the varying numbers of low-affinity, high-MCHC red cells which the blood contains (Table I and Fig. 1) .
The relationships among Hb F content, MCHC, oxygen affinity, and 2,3-DPG in the fractions which we separated from whole populations of Hb SS erythrocytes are intricate. We will therefore discuss each variable in turn in attempting to evaluate the main factor responsible for the low oxygen affinity of Hb SS blood.
Hb F. The proportion of Hb F is unlikely to alter as the cell ages, so the very low Hb F found in the densest cells must be an initial characteristic of those cells (as previously suggested (33)), perhaps determining their tendency to become dense and to develop a low oxygen affinity and a low 2,3-DPG. As a result, low Hb F is associated with low oxygen affinity in the bottom fractions (Table II In spite of the high level of Hb F in all the fractions from the blood of the subject heterozygous both for Hb S and for the gene for hereditary persistence of Hb F, the bottom fraction P60 was still higher than that of the top (Table III) . Conversely, in patient J. B. (Table   I ration pH electrode at 370C. Red cells from ultracentrifuged blood fractions were resuspended in their own plasma to a hematocrit of 25%. Results for PM (7.4) on whole blood, top and bottom fractions are shown in Fig. 6 . In this instance P5 (7.4) for the top fraction was 33.5 mm Hg, 7.5 mm Hg higher than controls on normal whole blood (26±+1 mm Hg). For the bottom fraction P0 (7.4) was 41.8 mm Hg, 15.8 mm Hg to the right of normal whole blood. It would seem that the increased 2,3-DPG in the top fraction erythrocytes in sickle cell anemia could account for most of the increase in Pm, but in the middle and bottom fractions, where Pm values are higher and 2,3-DPG values up to 50% lower, it cannot account for the very low oxygen affinity of these cells. Conclusions based on the Bellingham and Huehns technique would appear to be as valid as those based on a mixing method. We therefore examined our data for an alternative explanation.
MCHC. In all 15 Hb SS patients MCHC was higher in the middle fraction than in the top and considerably higher in the bottom fraction than in the middle (Fig. 2) . The high mean level in the bottom fractions (Table II) was striking compared with normal blood or blood from Hb AS subjects (Table III) . For all the fractions a plot of Pm vs. MCHC showed that all the high-MCHC bottom fractions had high Pm values, whereas the normal-MCHC top fractions all had much lower Pm values. The correlation between P6o and MCHC for top and bottom fractions is highly significant (r=0.90, P <0.001). Values for the middle fractions mostly fall slightly to the right of this line, but some fall slightly to the left. After correcting the MCHC to mean corpuscular Hb S concentrations by subtracting the proportion of Hb F in each hemoglobin result, a replot of the data (Fig. 7) showed an even better correlation (r = 0.93).
The abnormally high MCHC of a subpopulation of Hb SS erythrocytes has been noted previously (33, 38) , but its significance has not been fully appreciated. The dense, deformed cell called the ISC is but the end stage in a process of membrane loss (42, 43) pendent in the presence of 2,3-DPG. On the other hand, Bromberg and Andrade (31) found that the difference in oxygen affinity between Hb SS blood and normal blood was almost entirely abolished when red cells were depleted of 2,3-DPG. In view of the striking difference in oxygen affinity of top (high 2,3-DPG) and bottom (low 2,3-DPG) such a result would only be expected in the mildest (low ISC) cases of sickle cell anemia. We used blood from patient J. B. (Table I) and (Table IV) . Recent work on the effect of cyanate on hemoglobin (47, 48) (56) overcome. Other workers (28) have suggested this mechanism to explain the low oxygen affinity of sickle cell blood.
The result of a decreased oxygen affinity is a greater oxygen release capacity per gram of circulating hemoglobin, whether this be mediated through increased erythrocyte 2,3-DPG (13, 14, 18, 19) , through an intrinsic defect in the hemoglobin molecule producing a low affinity (22) , or through increased molecular interaction on deoxygenation, as in Hb SS blood (28) . In the erythrocytes of our top fractions the first and third mechanisms are probably operating, but in the high density ISC the low oxygen affinity appears to be due to high hemoglobin concentration alone. Rodman, Close, and Purcell (17) 24-33% (22) . In these patients the low henmatocrits appear to be a normal response to the greater oxygen release capacity of a blood with lowered oxygen affinity. The hematocrit level is normally regulated by the level of "erythropoietic-stimulating factor" produced by the kidney (57) , which is thought to be controlled by intrarenal Po2. In discussing the mechanismi of hematocrit control in patients having abnormal hemoglobins with altered oxygen affinity, Parer (58) pointed out that venous Po2 (and, by extrapolation, renal Po.) would vary directly with oxygen capacity for any particular hemoglobin variant. We suggest that Hb SS erythrocytes behave, in this respect, like Hb Seattle erythrocytes so that, to a considerable extent, the hematocrit levels in sickle cell anemia in the steady state is determined by the oxygen affinity of the blood and not vice-versa, as in the usual 2,3-DPG-mediated response to anemia.
Finally, the desaturation of arterial blood in some patients may be explained on the basis of our findings. Other workers (59, 60) have found this desaturation, and some have noted that it occurred in the presence of normal or adequate arterial P02 (61) and attributed it to the altered oxygen affinity of the blood. It can be seen from Fig. 4 that the high-density erythrocytes may not achieve normal oxygen saturation levels at normal alveolar Po2. Patients having the highest numbers of these cells on the venous side of the circulation (and the lowest oxygen affinity as a result) might be found to have the lowest arterial oxygen saturation. This would also explain the reported finding of a few "sickled cells" (presumably ISC) in arterial blood samples (57, 58) .
